In the sensory system of C. elegans, the candidate odorant receptor gene str-2 is strongly expressed in one of the two AWC neurons and weakly in both ASI neurons. Asymmetric AWC expression results from suppression of str-2 expression by a Ca 21 /MAPK signaling pathway in one of the AWC neurons early in development. Here we show that the same Ca 21 /MAPK pathway promotes str-2 expression in the AWC and ASI neurons together with multiple cell-autonomous and noncell-autonomous G-protein-signaling pathways. In firststage larvae and adult animals, signals mediated by the Ga subunits ODR-3, GPA-2, GPA-5, and GPA-6 and a Ca 21 /MAPK pathway involving the Ca 21 channel subunit UNC-36, the CaMKII UNC-43, and the MAPKK kinase NSY-1 induce strong str-2 expression. Cell-specific rescue experiments suggest that ODR-3 and the Ca 21 /MAPK genes function in the AWC neurons, but that GPA-5 and GPA-6 function in the AWA and ADL neurons, respectively. In Dauer larvae, the same network of genes promotes strong str-2 expression in the ASI neurons, but ODR-3 functions in AWB and ASH and GPA-6 in AWB. Our results reveal a complex signaling network, encompassing signals from multiple cells, that controls the level of receptor gene expression at different developmental stages.
A sensory neuron must express the right chemoreceptors at the correct level, since this defines to which stimuli a neuron can respond. As such, receptor expression defines the functional identity of a neuron. In addition, by changing receptor expression, an animal can modify its behavior in accord with developmental or environmental changes. Receptor expression seems to be precisely regulated in terms of spatial and temporal organization. Probably, developmental decisions establish a predefined chemoreceptor repertoire, which is subject to sensory-activity-dependent refinements, enabling optimal survival in nature. However, much of the underlying regulatory mechanisms are still poorly understood.
The nematode Caenorhabditis elegans senses chemical cues in its environment using 11 bilateral pairs of chemosensory amphid neurons. Cell ablation experiments have shown that these cells are involved in the response to specific sensory cues (Bargmann and Mori 1997) . The AWA and AWC neurons detect attractive odorants, whereas the AWB, ASH, and ADL neurons detect repulsive odorants. The ASE, ADF, ASK, ASG, ASI, ADL, and ASH neurons respond to nonvolatile chemicals and the ADF, ASI, ASG, and ASJ neurons are involved in the response to Dauer pheromone.
The genome of C. elegans encodes 800 functional receptor genes, many of which are specifically expressed in the amphid neurons (Troemelet al. 1995; Bargmann 1998; Robertson 1998; Robertson 2000) . Binding of a ligand to a receptor activates one or more heterotrimeric G proteins, consisting of Ga-, Gß-, and Gg-subunits, leading to the activation of a cascade of effectors. The sensory neurons of C. elegans express 14 Ga-subunits, several of which have been shown to be involved in olfaction, pheromone perception, and taste (Zwaal et al. 1997; Roayaie et al. 1998; Jansen et al. 1999; Hilliard et al. 2004; Lans et al. 2004; Hukema et al. 2006) . For example, detection of attractive odorants involves at least 5 Ga-subunits (Roayaie et al. 1998; Lans et al. 2004) . The Ga-subunit ODR-3 constitutes the major signaling route and is sufficient for odorant detection. The Ga-subunit GPA-3 is redundant to ODR-3 and also sufficient for most odorant signals. Signaling via ODR-3 and GPA-3 is inhibited by GPA-5 and GPA-2 in the AWA and AWC neurons, respectively, and stimulated by GPA-13 in the AWC neurons. The presence of multiple receptors and G proteins per cell probably enables C. elegans to respond to a wide variety of sensory cues, using only few cells.
Receptor expression is regulated by developmental and experience-based signals, allowing C. elegans to adjust behavior in changing environments. Receptor expression can vary from embryos to adults or from males to hermaphrodites (Troemel et al. 1995 and it can change upon entry into the Dauer larval stage (Peckol et al. 2001) . In addition, expression of the srd-1, 1 str-2, and str-3 receptor genes in adult animals is repressed by Dauer pheromone and srd-1 expression is abolished in the absence of sensory signaling (Peckol et al. 2001) .
In well-fed adult animals, the candidate odorant receptor gene str-2 is strongly expressed in either the left or the right AWC neuron and weakly expressed in both ASI neurons . In Dauer animals, str-2 is repressed in AWC and strongly expressed in both ASI neurons (Peckol et al. 2001 ). Early in development, probably in the late embryo, a stochastic choice is made to repress str-2 expression in one of the two AWC neurons. This is accomplished by Ca 21 signaling via the N/P-type voltage-gated Ca 21 channel UNC-2/UNC-36 and the Ca 21 /calmodulin-dependent protein kinase II (CaMKII) UNC-43, which activates a MAPK pathway consisting of the MAPKK kinase NSY-1 and the MAPK kinase SEK-1 Sagasti et al. 2001; Tanaka-Hino et al. 2002) . Also, the Ca 21 -activated K 1 -channel NSY-3/SLO-1 and the TIR protein TIR-1 are involved (Sagasti et al. 2001; Davies et al. 2003; Chuang and Bargmann 2005) . Furthermore, mutations that disrupt axon guidance impair asymmetric str-2 expression and killing one AWC neuron in the embryo abolishes str-2 expression, suggesting that the asymmetry is initiated by lateral AWC axon contact . Once asymmetry is established, str-2 expression is maintained by the activity of several olfactory signaling molecules, such as the guanylyl cyclases ODR-1 and DAF-11 and the cyclic nucleotide-gated channel TAX-2/TAX-4 . The regulation of str-2 expression in the ASI neurons seems to involve different mechanisms, because no effects of unc-36 and tax-2/-4 mutations have been observed (Peckol et al. 2001) . ASI expression is suppressed by Dauer pheromone and is under the control of genes of the TGFß-signaling pathway, which also regulates Dauer development (Peckol et al. 2001; Nolan et al. 2002) .
Since several lines of evidence suggest that receptor expression is regulated by sensory signaling, we studied the involvement of the olfactory Ga-subunits in regulating str-2 expression. We show that G proteins regulate str-2 gene expression, but do not affect the developmental choice to express str-2 asymmetrically. Four Gasubunits, ODR-3, GPA-2, GPA-5, and GPA-6, together with Ca 21 signaling through UNC-36, UNC-43, and NSY-1, promote str-2 expression in the AWC and ASI neurons of young larvae, Dauer larvae, and adults. Interestingly, this regulation involves G-protein signaling in neurons other than AWC and ASI and does not seem to require sensory cues.
MATERIALS AND METHODS

Strains:
Nematodes were grown at 20°or 25°on Escherichia coli strain OP50 using standard methods (Brenner 1974) .
Wild-type animals were C. elegans variety Bristol, strain N2. Alleles used in this study were daf-3(mgDf90), daf-7(e1372), daf-12(ok493), dyf-8(m539), gpa-2(pk16), gpa-3(pk35), gpa-5(pk376), gpa-5XS (pkIs379), gpa-6(pk480), gpa-6XS(pkIs519), gpa-13(pk1270), nsy-1(ky397), nsy-2/tir-1(ky388), nsy-3/slo-1(ky389), odr-1(n1936), odr-3(n1605), osm-6(p811), osm-9(n1603), sek-1(km4), str-2Tgfp (kyIs140), tax-4(p678), unc-36(e251), unc-43(e408).
Transgenes and germline transformation: To examine str-2 and odr-10 expression, the integrated alleles kyIs140[str-2Tgfp] ) and kyIs37[odr-10Tgfp] (Sengupta et al. 1996) were used. All other transgenes were generated by standard germline transformation (5-100 ng/ml; Mello et al. 1991) and maintained extrachromosomally using the elt-2Tgfp construct as the co-injection marker (Fukushige et al. 1999) .
Promoters used were gpa-11 (ADL, ASH; Jansen et al. 1999), gpa-13 (ADF, ASH, AWC; Jansen et al. 1999) , hsp-16.2 (a gift from A. Fire), odr-10 (AWA; Sengupta et al. 1996) , sra-6 (ASH, ASI, PVQ, SPDm/SPVm; Troemel et al. 1995) , srh-142 (ADF; Sagasti et al. 1999) , sro-1 (ADL, SIA; Troemel et al. 1995) , and str-1 (AWB; Troemel et al. 1997) . All expression patterns were confirmed by examining promoterTgfp fusion constructs (using pPD95.79, a gift from A. Fire) in wild-type and unc-36; odr-3; gpa-5 gpa-6 animals, except sro-1Tgfp, which was observed in additional cells but not in other sensory neurons. To further confirm promoter specificity (Figure 4) , immunofluorescence was performed as described (Lans et al. 2004) . Although the levels of expression of the different promoters used for rescue varied, these levels did not correlate with rescue (results not shown). For example, gpa-6 constructs driven by either a relatively weak or a strong promoter, sro-1 and gpa-11, respectively, could rescue str-2 expression.
Details of plasmid construction are available on request. The odr-3 gene was derived from plasmid pODR3.1, a gift from C. Bargmann (Roayaie et al. 1998) . All results were confirmed in at least two independent transgenic strains (Tables S1-S4 at http:/ /www.genetics.org/supplemental/).
Microscopy: To examine str-2 expression, animals were allowed to lay eggs for 2-5 hr at 20°and then removed. Their offspring was picked at different developmental stages to score str-2Tgfp levels (3-4 days for adults). str-2Tgfp was scored and images in Figure 1 were acquired using a Leica Aristoplan microscope, equipped with a Sony DXC-9508 3CCD camera. Expression was scored as ''strong'' if GFP fluorescence was detected at 3100 magnification, regardless of brightness, as ''weak'' if GFP was detected only at 3400, and as ''off'' if GFP could not be detected at 3400. Statistical analysis was performed using a two-sample test of proportion. Images in Figure 4 were acquired using a Zeiss LSM510 microscope.
Dauer larvae: Dauer larvae were generated using a crude extract of Dauer pheromone (Golden and Riddle 1984) . Adults were allowed to lay eggs for 3 hr on plates containing 40 ml of pheromone, the minimum required to induce 80% wild-type Dauer formation. The plates were incubated at 25°f or 3 days, after which str-2 expression was scored.
RESULTS
str-2 expression is reduced in animals with Gasubunit mutations: C. elegans expresses six Ga-subunits in its olfactory neurons AWA and AWC: GPA-2, GPA-3, GPA-5, GPA-6, GPA-13, and ODR-3 (Zwaal et al. 1997; Roayaie et al. 1998; Jansen et al. 1999; Lans et al. 2004 ). All, except GPA-6, play a role in odorant detection. To determine their involvement in regulating gene expression, we examined the asymmetric expression of str-2 in the AWC cells ( Figure 1A ) of several Ga loss-of-function mutants. For this purpose, the kyIs140[str-2Tgfp] allele (Troemelet al. 1999 ) was introduced in gpa-2, gpa-3, gpa-5, gpa-6, gpa-13, and odr-3 mutants. No change in the asymmetry of str-2 expression was observed in these mutants, as was already found for odr-3 (results not shown; Troemel et al. 1999) .
In the Ga-mutants, we observed only limited variation in str-2 expression levels (Table 1) . This was unexpected, since mutations in the cGMP-signaling genes odr-1, daf-11, tax-2, and tax-4, which are likely activated through G-protein signaling, dramatically reduce str-2 expression (Table 1 ; Troemel et al. 1999) . To test whether this discrepancy resulted from functional redundancy of the Ga-subunits, str-2 expression was examined in animals with mutations in two to six Ga-subunits . Surprisingly, in most mutants the strength of expression was close to normal and no effect on the asymmetry of str-2 expression was observed (Table 1 ; results not shown). Only odr-3; gpa-6 double mutants displayed a strong reduction, which was partially (gpa-3 or gpa-5) or completely (gpa-2 or gpa-13) restored by additional mutations in other Ga-subunits ( Figure 1B ; Table 1 ). Animals that had lost the function of all six Ga-subunits also displayed a clear reduction of str-2Tgfp strength, but not as strong as that of odr-3; gpa-6 animals ( Figure 1C ; Table  1 ). These results show that the six olfactory Ga-subunits regulate str-2 expression in a redundant fashion, but do not influence the asymmetry of str-2 expression.
To some extend, the effects of Ga-mutations on str-2 expression resemble the effects of mutations in the odr-1, daf-11, tax-2, and tax-4 genes. Mutations in these genes do not affect the decision to express str-2 asymmetrically, but affect maintenance of str-2 expression once asymmetry is established . In tax-4 and odr-1 L1 larvae, str-2 is expressed strongly, but during later stages expression is reduced or even disappears (Table 1 ; Troemel et al. 1999) . To determine whether the olfactory Ga-subunits function to maintain expression, we determined str-2Tgfp strength in the L1 larvae of several Ga-mutants (Table 1 ; results not shown). In odr-3; gpa-6 larvae, we observed relatively higher str-2 expression than we observed in adults. However, these and gpa-2 gpa-3 gpa-13 odr-3; gpa-5 gpa-6 larvae still showed a reduction in str-2Tgfp strength when compared to wild-type L1 larvae. These results suggest that the Ga-subunits function predominantly to maintain str-2 expression, but also contribute to the initiation of str-2 expression.
G proteins cooperate with Ca 21 /MAPK signaling to regulate str-2 expression: Early in development, the decision to express str-2 asymmetrically is executed by Ca 21 and MAPK signaling Sagasti et al. 2001; Tanaka-Hino et al. 2002; Chuang and Bargmann 2005) . We tested the involvement of G proteins by examining str-2 expression in animals with mutations in Ca 21 /MAPK signaling genes and Gasubunits. Mutations in the Ca 21 channel subunit unc-36 result in strong str-2 expression in both AWC neurons, indicating that in wild-type animals UNC-36 represses str-2 expression in one neuron ; Figure 1D ). Additional mutations in Ga-subunits never changed this symmetric expression (results not shown), but, intriguingly, affected the strength of str-2 expression in unc-36 mutants (Figure 2A ; results not shown). A mild reduction in str-2 expression was observed in unc-36; odr-3 and unc-36; odr-3; gpa-6 mutants. However, an unc-36 mutation, together with different combinations of three or four Ga-subunit mutations, including gpa-2, odr-3, gpa-5, or gpa-6, severely reduced expression ( Figures 1E and 2A) . Reduction of str-2 expression was strongest in unc-36; odr-3; gpa-5 gpa-6 animals, in which, at 3400 magnification, almost no fluorescence could be observed (results not shown). Interestingly, expression was restored almost to wild-type levels when all six olfactory Ga-subunits were inactivated ( Figure  1F ). These results indicate that ODR-3, GPA-2, GPA-5, and GPA-6 cooperate with UNC-36 to promote str-2 Figure 1 .-str-2 expression is reduced in several Ga-mutants. In wild-type animals, str-2Tgfp is expressed at high levels in one AWC neuron (A), whereas more than half of the odr-3; gpa-6 mutants show reduced str-2Tgfp expression (B). Expression is partially restored in gpa-2 gpa-3 gpa-13 odr-3; gpa-5 gpa-6 mutants (C). unc-36 mutants show strong str-2Tgfp expression in both AWC neurons (D; Troemel et al. 1999 ). This expression is lost in unc-36; odr-3; gpa-5 gpa-6 animals (E), but restored in unc-36; gpa-2 gpa-3 gpa-13 odr-3; gpa-5 gpa-6 mutants (F). Bars, 20 mm. A-F are at 3400 magnification.
Ga/Ca 21 expression, but that GPA-3 and GPA-13 inhibit str-2 expression.
Several genes that function in a pathway with UNC-36 to regulate asymmetric str-2 expression have been identified. Genetic epistasis experiments place the CaMKII UNC-43, the TIR protein TIR-1, the ASK1 MAPKKK homolog NSY-1, and the MAPKK SEK-1 in a linear pathway downstream from UNC-36 and the Ca 21 -activated K 1 channel NSY-3/SLO-1 upstream from, or parallel to, UNC-43 Sagasti et al. 2001; Tanaka-Hino et al. 2002; Davies et al. 2003; Chuang and Bargmann 2005) . Mutations in these genes all disrupt str-2 asymmetry. We determined if these genes, together with G proteins, also regulate str-2 expression. Loss-of-function of odr-3, gpa-5, and gpa-6 in an unc-43 mutant background reduced str-2 expression levels ( Figure 2B ). Additional loss of gpa-2 even further reduced str-2 expression, while mutations in all six Gasubunits restored str-2 expression to wild-type levels. In nsy-1 mutants, loss of odr-3, gpa-5, and gpa-6 had no effect, but loss of gpa-2, odr-3, gpa-5, and gpa-6 severely reduced str-2 expression levels ( Figure 2B ; results not shown). Again, loss of all olfactory Ga-subunits restored str-2 expression levels. Unexpectedly, in tir-1 and nsy-3 animals, loss of gpa-2, odr-3, gpa-5, and gpa-6 did not result in a strong reduction of expression ( Figure 2C ), even though TIR-1 has been reported to be necessary to localize NSY-1 correctly to postsynaptic sites (Chuang and Bargmann 2005) . sek-1 mutants already showed a mild reduction in str-2 expression levels, which was only very mildly enhanced by additional Ga-mutations ( Figure 2C ; results not shown). These data suggest that, parallel to part of the Ca 21 /MAPK pathway, several G-protein-signaling pathways that regulate str-2 expression exist. Furthermore, these results reveal dual functions for unc-36, unc-43, and nsy-1 in the AWC neurons: suppression of str-2 expression in one AWC cell to establish str-2 asymmetry and promotion of str-2 expression together with G-protein signaling.
To determine if the signaling network of G proteins and Ca 21 /MAPK genes is required when str-2 expression is initiated or to maintain expression, str-2 expression was determined at different time points during development ( Figure 2D ). In unc-36; odr-3; gpa-5 gpa-6 L1 larvae, str-2 expression was weak, but increased considerably in successive larval stages. In adults, str-2 expression diminished again. In contrast, str-2 expression in the AWC neurons of odr-1 animals disappeared completely after the L1 stage. These results suggest that str-2 expression levels are controlled by the G-protein and Ca 21 /MAPK-signaling network early during development and in adults. Other mechanisms might promote str-2 expression from the L2 to L4 stage.
str-2 expression does not require sensory cues: Because str-2 expression maintenance requires genes that are essential for olfaction (Coburn and Bargmann 1996; Komatsu et al. 1996; Troemel et al. 1999; Birnby et al. 2000; L'Etoile and Bargmann 2000 ; this study), it was suggested that str-2 expression is regulated by sensory cues. To test this, we introduced str-2Tgfp in osm-6 and dyf-8 mutants, which have impaired chemosensory responses due to structural defects of the cilia (Perkins et al. 1986; Starich et al. 1995) . osm-6 mutants showed no chemotaxis to various salts or avoidance of various water-soluble repellents (Culotti and Russell 1978; Perkins et al. 1986; Hilliard et al. 2004) , but still showed a significant response to AWA-and AWC-sensed odorants, albeit strongly reduced (results not shown). dyf-8 animals, however, showed a completely disrupted response to odorants and salts (Starich et al. 1995;  results not shown). In addition, visualization of the sensory neurons using various gfp fusion constructs showed that the dendrites of the sensory neurons of dyf-8 animals are truncated (H. Lans, J. Burghoorn and G. Jansen, unpublished results) . Surprisingly, osm-6 Percentage of animals that show strong (visible at 3100 magnification), weak (visible at 3400 but not at 3100) or no (''off''; undetectable at 3400) str-2Tgfp expression. L1 larvae (L1) were scored at 3160 and 3400 magnification. P-values were determined using the proportion of strong expression. Only significant differences, compared to wild type, are indicated. a Significant difference compared to odr-3; gpa-6.
and dyf-8 animals showed wild-type levels of str-2 expression in the AWC neurons (Table 1) . Also, unc-36; osm-6 double mutants showed almost wild-type str-2 expression levels (Table 1) . These results indicate that expression of str-2 does not require sensory activity per se.
Expression of str-2 in the ASI neurons has previously been shown to be unaffected by structural defects of the cilia (Peckol et al. 2001) . AWC cell fate is unaltered in unc-36; odr-3; gpa-5 gpa-6 mutants: Reduction of str-2 expression could be caused /MAPK genes together regulate str-2 expression in the AWC neurons. (A-C) In adult animals, ODR-3 and two or three other Ga-subunits (GPA-2, GPA-5, and GPA-6) and UNC-36, UNC-43, or NSY-1 are required for strong str-2 expression. GPA-3 and GPA-13 have inhibiting functions. (D) str-2 expression at different time points after egg laying at 20°. The corresponding developmental stage is indicated: the four larval stages, young adult (ya), and adult (a). Wild-type animals were indistinguishable from unc-36 mutants (not shown) and show strong expression throughout development, whereas unc-36; odr-3; gpa-5 gpa-6 mutants show delayed str-2 expression in L2 larvae, which is abolished in adult animals. odr-1 mutants lose expression following the L1 stage. (E) In adults, str-2 expression is restored when ODR-3 is reintroduced following heat shock (1) of unc-36; odr-3; gpa-5 gpa-6 animals carrying a hsp-16.2Todr-3 transgene. Each bar represents at least 50 animals. Shown are the percentages of animals with strong str-2 expression in the AWC neurons (detectable at 3100 in A, B, C, and E and 3160 in D). The number of animals for each bar is, from left to right: (A) 98, 63, 63, 55, 74, 66, 52, 74, 51, 61, 61, 50; (B) 95, 97, 85, 99, 84, 75, 77, 114, 53, 105; (C) 32, 88, 51, 40, 86, 86, 123, 114, 60; (E) 55, 64, 81, 98 . In D, each data point represents at least 27 animals. Error bars denote standard error of proportion. Shown are significant differences in A compared to unc-36 (*: P , 0.001), unc-36; odr-3 (1: P , 0.001), unc-36; odr-3; gpa-6 (o: P , 0.001), and unc-36; gpa-2 odr-3; gpa-5 gpa-6 (#: P , 0.001, ##: P , 0.05); in B compared to unc-43 (*: P , 0.001), unc-43; odr-3; gpa-5 gpa-6 (1: P , 0.001), nsy-1 (o: P , 0.001), and nsy-1; gpa-2 odr-3; gpa-5 gpa-6 (#: P , 0.001); in C compared to tir-1; odr-3; gpa-5 gpa-6 (**: P , 0.05), sek-1 (11: P , 0.05), and odr-3; gpa-5 sek-1 gpa-6 (oo: P , 0.05); in D compared to wild type (*: P , 0.001); and in E compared to control (*: P , 0.001).
Ga/Ca 21 by general developmental or structural defects caused by loss of G-protein signaling. ODR-3 has a function in morphogenesis of the AWC cilia, but this is independent of sensory signaling (Roayaie et al. 1998; Lans et al. 2004) . We observed no abnormalities of the axons or dendrites of unc-36; odr-3; gpa-5 gpa-6 mutants (results not shown). Also, the amphid neurons of these mutants showed normal uptake of fluorescent dyes, suggesting that their cilia are intact (results not shown; Perkins et al. 1986 ). To test whether structural defects caused the reduction of str-2 expression, we tested if str-2 expression could be restored by reintroduction of ODR-3. Following heat shock of adult unc-36; odr-3; gpa-5 gpa-6 animals carrying an odr-3 gene under control of a heat-shock promoter, str-2 expression was significantly upregulated ( Figure 2E ). This shows that str-2 can be expressed immediately in response to an activating signal, suggesting that the AWC neurons develop correctly.
The function of a sensory neuron can be defined by the sensory signaling and structural genes that it expresses. Therefore, reduction of str-2 expression might be caused by partial or complete loss of AWC identity. This is the case for animals with mutations in the Otx homeodomain gene ceh-36, which have no odr-1 and str-2 expression in the AWC neurons and do not respond to AWC-sensed odorants (Lanjuin et al. 2003) . To test if expression of additional AWC-specific genes was affected in unc-36; odr-3; gpa-5 gpa-6 animals, we introduced odr-1Tgfp and gpa-13Tgfp fusion constructs in these mutants ( Jansen et al. 1999; L'Etoile and Bargmann 2000) . Both genes were strongly expressed in the AWC neurons, confirming that basal AWC neurons develop normally in unc-36; odr-3; gpa-5 gpa-6 animals (results not shown).
Next, we wondered whether GPA-5, GPA-6, ODR-3, and UNC-36 regulate not only the expression of str-2 but also that of other receptor genes. To test this, we examined the expression of odr-10, expressed in AWA (Sengupta et al. 1996) ; str-1, expressed in AWB (Troemel et al. 1997) ; srh-142, expressed in ADF ; sra-6, expressed in ASH, and sro-1; expressed in ADL (Troemel et al. 1995) . All receptors showed comparable expression levels in wild-type animals and in unc-36; odr-3; gpa-5 gpa-6 animals in the appropriate cells (results not shown). These results suggest that the signaling network under study specifically regulates the expression of str-2.
ODR-3 and UNC-36 act in AWC, GPA-5 in AWA, and GPA-6 in ADL to regulate str-2 expression in AWC: Previously, using gfp fusion constructs and antibodies, it was shown that GPA-5 and GPA-6 are not expressed in the AWC neurons, but in other sensory neurons ( Jansen et al. 1999; Lans et al. 2004) . These observations, together with our data, imply that signals from other sensory neurons regulate str-2 expression in AWC. We decided to identify the neurons in which ODR-3, GPA-5, GPA-6, and UNC-36 function by using cellspecific rescue constructs. First, we generated gfp fusion constructs to confirm the cellular expression patterns of the promoters that we would use (see materials and methods). All promoters used for cell-specific rescue showed expression in the correct sensory neurons in both wild-type and unc-36; odr-3; gpa-5 gpa-6 animals (results not shown).
ODR-3 is expressed in the amphid neurons AWA, AWB, AWC, ASH, and ADF (Roayaie et al. 1998) . Introduction of the wild-type odr-3 gene in unc-36; odr-3; gpa-5 gpa-6 animals fully restored str-2 expression ( Figure 3A ; Table S1 at http://www.genetics.org/ supplemental/). Full rescue was also obtained when ODR-3 was expressed under the gpa-13 promoter, which drives expression in AWC and in the ASH and ADF cells ( Jansen et al. 1999) . These results are consistent with a function of ODR-3 in the AWC neurons. In agreement, specific expression of ODR-3 in the AWA, AWB, or ASH neurons, using the odr-10, str-1, and sra-6 promoter, did not or only very weakly restore str-2 expression ( Figure  3A ; Table S1 ). In addition, a weak restoration of str-2 expression was observed when ODR-3 was expressed in the ADF neurons, using the srh-142 promoter ( Figure 3A ; Table S1 ). Simultaneous expression of odr-3 in the ASH and ADF neurons, but not AWC, had no additional effect (results not shown). To rule out that the observed differences in restoration of str-2 expression resulted from differences in expression levels of the promoters rather than from differences in cell-specific expression, we introduced the odr-3 rescue constructs at different concentrations (5-100 ng/ml). We observed consistent rescue of a given construct at various concentrations (results not shown). To confirm correct ODR-3 expression in the AWC and ADF cells, we applied antibodies to visualize ODR-3. Animals expressing odr-3 under control of the gpa-13 promoter showed strong anti-ODR-3 staining in the cilia of the AWC neurons, which can be recognized by their wing-like morphology ( Figure 4A ). Weak staining in the cilia of the ASH and/or AFD neurons could be observed only occasionally, indicating that gpa-13Todr-3 is predominantly expressed in the AWC neurons. Animals expressing ODR-3 under control of the srh-142 promoter showed staining in the ADF cilia only ( Figure 4B ). These results suggest that ODR-3 functions predominantly in the AWC neurons and perhaps to some extent in the ADF neurons to regulate str-2 expression; however, we cannot exclude that it functions in some combination of the AWC and ADF or ASH neurons.
GPA-5 is expressed in the AWA and ADL neurons, but not in the AWC neurons (Jansen et al. 1999; Lans et al. 2004) . Introduction of extrachromosomal copies of the gpa-5 gene partially restored str-2 expression in unc-36; odr-3; gpa-5 gpa-6 mutants, while an integrated gpa-5 allele fully restored str-2 expression ( Figure 3B ; Table S2 at http:/ /www.genetics.org/supplemental/). Expression of GPA-5 in the AWA neurons, using the odr-10 promoter, also significantly restored str-2 expression, while expression in the ADL cells, using the gpa-11 promoter, had no effect ( Figure 3B ; Table S2 ). Similar results were obtained when the transgenes were introduced at different concentrations (results not shown), ruling out the possibility that expression levels of the promoters influenced the results. To show that the odr-10 promoter drives expression of GPA-5 only in the AWA cells and not in the AWC cells, we performed immunofluorescence. Anti-GPA-5 staining of animals carrying odr-10Tgpa-5 fusion constructs showed exclusive expression of GPA-5 in the AWA neurons, of which the typical branched cilia can be easily identified ( Figure 4C ). These results show that GPA-5 acts in the AWA neurons to regulate str-2 expression in AWC.
GPA-6 is expressed in the amphid neurons AWA, AWB, ADL, and ASH, but not in the AWC neurons (Jansen et al. 1999; Lans et al. 2004) . str-2 expression could be restored using an integrated and an extrachromosomal gpa-6 transgene ( Figure 3C ; Table S3 at http://www.genetics.org/supplemental/). To find out in which neurons GPA-6 functions, GPA-6 was expressed in the AWA, AWB, ASH, and ADL neurons using cellspecific promoters introduced at multiple different concentrations. Intriguingly, the best restoration of str-2 expression was observed when GPA-6 was expressed in the ADL neurons, using either the gpa-11 or the sro-1 promoter ( Figure 3C ; Table S3 ). No strong restoration was observed when GPA-6 was expressed in the AWC cells ( Figure 3C ; Table S3 ). These results suggest that GPA-6 acts predominantly in the ADL neurons to regulate str-2 expression in the AWC neurons.
UNC-36 is broadly expressed in neuronal and probably also muscle tissue (Schafer et al. 1996) . In the embryo, it is predicted to act in one of the two AWC neurons to repress str-2 expression in response to lateral cell contact ). Furthermore, the downstream genes unc-43, nsy-1, and sek-1 have been shown to act in AWC to regulate functional asymmetry (Sagasti et al. 2001; Tanaka-Hino et al. 2002) . We expressed UNC-36 in the AWC neurons using the gpa-13 promoter, which resulted in strong str-2 expression in .60% of the animals ( Figure 3D ; Table S4 at http:// www.genetics.org/supplemental/). Although we cannot rule out that UNC-36 functions in the ASH or ADF neurons, it seems plausible that UNC-36 functions (D) UNC-36 expression in the AWC neurons strongly increases str-2 expression. Shown are the percentages of unc-36; odr-3; gpa-5 gpa-6 adult animals in which str-2Tgfp could be detected in the AWC neurons at 3100 magnification. The number of animals for each bar, from left to right, is: (A) 244, 106, 110, 92, 107, 133, 140; (B) 244, 121, 73, 120, 112; (C) 244, 100, 108, 156, 118, 164, 119, 117; and (D) 244, 103. Significant differences (*: P , 0.001, **: P , 0.05) compared to unc-36; odr-3; gpa-5 gpa-6 animals are shown. Additional results are presented in Tables S1-S4 at http:/ /www.genetics. org/supplemental/. Ga/Ca 21 in AWC to promote str-2 expression. This implies that in one cell type, AWC, UNC-36 has a dual, paradoxical role and both suppresses and promotes str-2 expression.
ASI expression of str-2 is regulated by the same genes that regulate AWC expression but involves different neurons: Thus far, we considered str-2 expression in the AWC neurons. Adult animals also express str-2 weakly in both ASI neurons and Dauer larvae express str-2 strongly in the ASI neurons. ASI expression in adults is regulated by Dauer pheromone and a TGFß-signaling pathway, which regulates entry in the Dauer stage (Peckol et al. 2001; Nolan et al. 2002) . Mutations in the TGFß homolog daf-7, the SMAD transcriptional regulator daf-3 and the nuclear hormone receptor daf-12 affect the expression of str-2 and other receptors in the ASI neurons in all developmental stages (Ren et al. 1996; Schackwitz et al. 1996; Patterson et al. 1997; Riddle and Albert 1997) . In young unc-36; odr-3; gpa-5 gpa-6 larvae, faint ASI expression was detectable, but this disappeared in adult animals (results not shown). To test if the G-protein/Ca 21 /MAPK network regulates str-2 expression in the ASI neurons, we examined str-2 expression in Dauer larvae.
str-2 expression in unc-36; odr-3; gpa-5 gpa-6 Dauer larvae was strongly reduced in the ASI neurons and mostly ''off'' in the AWC cells ( Figure 5A ; results not shown). This suggests that the same network of G proteins and Ca 21 /MAPK-signaling genes regulates str-2 expression in the ASI neurons of Dauer larvae. We determined in which neurons the Ga-subunits and UNC-36 function by examining Dauer larvae of the transgenic strains that gave the best rescue of str-2 expression in the AWC neurons (Figure 3) . Unexpectedly, str-2 expression in ASI was partially restored when odr-3 was expressed in the AWB or in the ASH neurons of Dauer larvae ( Figure 5B ; Table S5 at http://www.genetics.org/ supplemental/). Expression of odr-3 in the AWA, AWC, or ADF neurons did not restore str-2 expression in ASI (Table S5 ). Furthermore, str-2 expression was partially restored when gpa-6 was expressed in the AWB neurons, but was not or was only weakly restored when gpa-6 was expressed in the AWA, ASH, or ADL neurons ( Figure  5C ; Table S5 ). str-2 expression was also restored using an integrated gpa-5 transgene, but it was not strongly restored using cell-specific gpa-5 constructs ( Figure 5D ; Table S5 ). Only gpa-5 expression in the AWA neurons weakly restored str-2 expression. Finally, str-2 expression could be clearly restored by expressing unc-36 in the AWC, ASH, and ADF neurons ( Figure 5E ; Table S5 ). These results suggest that the same G-protein/Ca 21 /MAPK network regulates str-2 expression in the ASI neurons as in the AWC neurons, but that the individual genes do not all function in the same cells. ASI expression seems to require ODR-3 in the AWB and ASH neurons, instead of AWC, and GPA-6 in the AWB neurons, instead of ADL. The site of action of GPA-5 and UNC-36 seems unaltered.
Next, we determined whether the G-protein/Ca 21 / MAPK genes interact with the TGFß pathway that regulates str-2 expression in the ASI neurons. In daf-7 adult animals, str-2 is upregulated in the ASI neurons (Table 2 ; Nolan et al. 2002) . In daf-7 Dauer animals, we observed that str-2 expression was reduced, in contrast to what has been reported (results not shown; Nolan et al. 2002) . In daf-7; unc-36; odr-3; gpa-5 gpa-6 animals, str-2 expression was strongly reduced in the AWC and ASI neurons of adult and Dauer animals, similarly to unc-36; odr-3; gpa-5 gpa-6 animals ( Table 2 ; results not shown). Mutations in daf-3 and daf-12 suppress the upregulated ASI expression of daf-7 animals, but a mutation in daf-12 also impairs str-2 expression in AWC and ASI by itself (Table 2 ; Nolan et al. 2002) . We observed no effect on str-2 expression in AWC by an additional mutation in daf-12 in unc-36; odr-3; gpa-5 gpa-6 animals ( Table 2 ). However, str-2 expression in the AWC and ASI neurons of unc-36; odr-3; gpa-5 gpa-6 mutants was fully restored by an additional mutation in daf-3 ( Table 2 ), suggesting that daf-3 represses str-2 expression in these mutants. In contrast, daf-7 and daf-12 show no apparent interaction with the G-protein/Ca 21 /MAPK network and might therefore signal upstream of these molecules. (A) Anti-ODR-3 staining of an unc-36; odr-3; gpa-5 gpa-6 animal expressing odr-3 under the gpa-13 promoter. ODR-3 is predominantly expressed in the cilia and cell bodies of the AWC cells, of which the wing-like cilia can be clearly distinguished. Occasionally, weak staining of the cilia of the ASH and/or ADF neurons was observed. (B) Anti-ODR-3 staining of an unc-36; odr-3; gpa-5 gpa-6 animal expressing odr-3 under the srh-142 promoter. ODR-3 is exclusively expressed in the dual cilia of the ADF neurons. (C) Anti-GPA-5 staining of an unc-36; odr-3; gpa-5 gpa-6 animal expressing gpa-5 under the odr-10 promoter. GPA-5 staining was observed exclusively in the cell bodies, axons, and clearly recognizable, branched cilia of the AWA neurons.
odr-1 and osm-9 are downstream targets of the G-protein/Ca 21 /MAPK network: tax-2, tax-4, odr-1, and daf-11 have been shown to regulate the level of str-2 expression and are also likely to interact with the Gprotein/Ca 21 /MAPK network . In olfactory signaling, ODR-1 and DAF-11 probably function downstream of ODR-3, GPA-3, GPA-13, and GPA-2, but upstream of TAX-2 and TAX-4 (Coburn and Bargmann 1996; Komatsu et al. 1996; Roayaie et al. 1998; Birnby et al. 2000; L'Etoile and Bargmann 2000; Lans et al. 2004) . However, in regulating str-2 expression, odr-1 is epistatic to tax-4 . We tested whether odr-1 is also epistatic to the Ga-subunits in regulating str-2 expression. Loss of str-2 expression in unc-36; odr-3; gpa-5 gpa-6 animals is suppressed by additional mutations in gpa-2, gpa-3, and gpa-13 (Figure 2A ). To test if these mutations also suppressed the loss of str-2 expression in odr-1 mutants, we generated gpa-2 gpa-3 gpa-13; odr-1 animals. In these mutants, str-2 expression was ''off'' ( Table 2 ), suggesting that odr-1 is epistatic to all six Ga-subunits in regulating str-2 expression.
In the AWA and ASH neurons, transient receptor potential V (TRPV) channels are thought to act downstream of G-protein sensory signaling (Colbert et al. 1997; Roayaie et al. 1998) . Three TRPV channels have been shown to regulate odr-10 receptor gene expression in AWA . Of these, the OSM-9 protein is also expressed in the AWC cells, where it is required for adaptation to certain odorants . Thus far, no involvement of OSM-9 in regulating receptor expression in AWC has been described. Therefore, we examined str-2 expression in osm-9 mutants. In osm-9 single and unc-36; osm-9 double mutants, no change in str-2 expression was observed (Table 2) . However, mutations in unc-36, osm-9, and odr-3, gpa-5, or gpa-6 severely reduced str-2 expression, while mutations in all five genes restored expression to almost wild-type levels (Table 2 ). This shows that OSM-9 regulates str-2 expression in a complex manner and possibly functions in both stimulatory and inhibitory G-protein pathways to regulate str-2 expression. DISCUSSION str-2 expression is regulated by a network of G-protein and Ca 21 /MAPK genes: Our results identify a signaling network consisting of multiple different and redundant pathways that cooperate to control the expression of a single receptor. First, we find that maintenance of str-2 expression is stimulated by ODR-3 and GPA-6 and inhibited by four other Ga-subunits in a redundant fashion. Second, we find that a signaling network involving signals in several sensory neurons, mediated by GPA-2, GPA-5, GPA-6, ODR-3, and the UNC-36/UNC-43/NSY-1 pathway, promotes str-2 expression. GPA-3 and GPA-13 suppress str-2 expression in this network.
We propose a model in which signals from different neurons converge in the AWC neurons in adult animals to regulate str-2 expression ( Figure 6A ). Our results confirm previous cell-specific rescue experiments (Sagasti et al. 2001; Tanaka-Hino et al. 2002; Chuang and Bargmann 2005) , which suggest that the Ca 21 /MAPK Figure 5 .-Cell-specific regulation of str-2 expression in the ASI neurons of Dauer larvae. (A) str-2 expression is reduced in the ASI neurons of unc-36; odr-3; gpa-5 gpa-6 Dauer larvae. (B) ODR-3 partially restores str-2 expression when expressed in AWB and ASH. (C) GPA-6 partially restores str-2 expression when expressed in AWB. (D) GPA-5 partially restores str-2 expression when expressed in AWA. (E) UNC-36 partially restores str-2 expression when expressed in AWC. Shown are the percentages of unc-36; odr-3; gpa-5 gpa-6 Dauer larvae with detectable str-2Tgfp in the ASI neurons at 3100 magnification. Only those cell-specific rescue experiments that gave considerable restoration of expression are shown (see Table S5 at http:/ /www.genetics.org/supplemental/). Expression of odr-3 in AWA or ADF and gpa-5 and gpa-6 in ADL did not significantly restore str-2 expression (results not shown). The number of animals for each bar is, from left to right: (A) 76, 25, 107; (B) 76, 65, 38, 50, 48; (C) 76, 66, 41, 37, 56; (D) 76, 42, 67; and (E) 76, 40. Significant differences (*: P , 0.001, **: P , 0.05) compared to unc-36; odr-3; gpa-5 gpa-6 animals are shown.
pathway functions in the AWC neurons. In addition, ODR-3 and probably GPA-2 function in the AWC neurons. AWC is the only amphid neuron in which GPA-2 is expressed, but we cannot exclude a function in an interneuron (Zwaal et al. 1997) . Furthermore, str-2 expression in the AWC neurons is stimulated by GPA-5 signaling in the AWA neurons, GPA-6 signaling in the ADL neurons, and possibly weakly by ODR-3 signaling in the ADF neurons. The noncell-autonomous function of these Ga-subunits is substantiated by several observations. First, GPA-5 and GPA-6 expression has never been observed in the AWC neurons (Jansen et al. 1999; Lans et al. 2004) . Second, using promoterTgfp fusions and immunofluorescence, we showed that the promoters used for cell-specific expression in the AWA, ADL, and ADF neurons do not drive expression in the AWC neurons. Third, two different, unrelated promoters were used to show that expression of GPA-6 in the ADL cells restores str-2 expression in the AWC cells. Finally, expression of GPA-6 in the AWC cells did not restore str-2 expression to similar levels as did its expression in the ADL cells.
A similar G-protein/Ca 21 /MAPK network regulates str-2 expression in the ASI neurons in Dauer larvae ( Figure 6B ), but there are striking differences. First, in Dauer larvae, the G-protein signals seem to originate from different cells: ODR-3 seems to function in the ASH and AWB neurons and GPA-6 in the AWB neurons. Second, str-2 expression in the ASI neurons in adults does not seem to involve tax-2 and tax-4 (Peckol et al. 2001) or odr-1. We realize that the cellular specificity of some of the promoters used might be altered in Dauer animals, but sra-6 expression is unaltered in Dauer larvae and expression of odr-10, str-1, and srh-142 is unaffected by mutations in the TGFb pathway (Nolan et al. 2002) .
Neural signaling: A major question that emerges is how signals from the AWA, AWB, ASH, ADL, and ADF neurons influence gene expression in the AWC and ASI neurons. One possibility is that these signals are transmitted via synaptic signaling. However, the AWC neurons are innervated only by the ADL, ASE, and ASI neurons (White et al. 1986; Durbin 1987) . Thus, only the GPA-6 signal originating from the ADL neurons can be transmitted directly to the AWC neurons. The ASI neurons are not innervated by any of the other amphid neurons. Therefore, we propose that signaling via synapses does not play a major role, unless indirect signaling via interneurons is involved.
Paracrine or endocrine signaling might be a better explanation for the noncell-autonomous regulation of str-2 expression. In C. elegans, the sensory neurons control many processes, including Dauer development, 
ND
Percentage of adult animals that show strong (visible at 3100 magnification), weak (visible at 3400 but not at 3100) or no (''off''; undetectable at 3400) str-2Tgfp expression in the AWC and ASI neurons. ND, not determined. P-values were determined using the proportion of strong expression. Only significant differences, compared to wild type and mutants noted in table footnotes, are indicated.
a Significant difference compared to unc-36; odr-3; gpa-5 gpa-6. b Significant difference compared to unc-36; osm-9. c Significant difference compared to unc-36; osm-9; gpa-6.
longevity, body size, and social feeding, by secreting endocrine signals such as TGFb homologs, insulin-like peptides, and various neuropeptides (Ren et al. 1996; Schackwitz et al. 1996; de Bono et al. 2002; Fujiwara et al. 2002; Li et al. 2003; Rogers et al. 2003) . The genome of C. elegans contains at least five TGFb homologs, 38 insulin-like genes, 23 FMRFamide-related (FaRP), and 151 non-FaRP neuropeptides, many of which are expressed in the sensory neurons (Ren et al. 1996; Schackwitz et al. 1996; Morita et al. 1999; Nathoo et al. 2001; Pierce et al. 2001; Li et al. 2003; Kim and Li 2004) . Importantly, str-2 expression itself is regulated by the TGFb homolog DAF-7, which is secreted by the ASI neurons (Nolan et al. 2002) . Downstream effector molecules: In this study, we identify three genes that regulate str-2 expression probably downstream of the G-protein and Ca 21 /MAPK signaling network ( Figure 6C) . First, all G proteins, including GPA-3 and GPA-13, could signal via the TRPV channel OSM-9, as loss of osm-9 in different Ga-mutant backgrounds either reduced or restored str-2 expression. Second, double-mutant analysis suggests that odr-1 is epistatic to unc-36, unc-43, tax-4 (Troemel et al. 1999) , and the Ga-subunit genes. Therefore, odr-1 acts downstream of, or in parallel to, the G-protein/Ca 21 /MAPK network, although at present it is unclear how odr-1 regulates str-2 expression. Third, a daf-3 mutation suppressed the loss of str-2 expression in unc-36; odr-3; gpa-5 gpa-6 animals, suggesting that daf-3 acts downstream of the G-protein/Ca 21 /MAPK network. DAF-3 is a coSMAD transcription factor that is negatively regulated by the TGFb pathway to suppress Dauer formation (Patterson et al. 1997) . In addition, DAF-3 suppresses gene transcription in the pharynx, probably by directly binding to DNA (Thatcher et al. 1999) . At this point, it is unclear where daf-3 functions in relation to odr-1.
str-2 expression does not require sensory signaling: Previous studies have shown that, in the sensory neurons of C. elegans, genes required for detecting sensory cues also regulate axon morphology and receptor gene expression. For example, mutations in the cyclic nucleotidegated channel subunits tax-2 and tax-4 and mutations in genes that disrupt cilia function cause ectopic axon outgrowth (Peckol et al. 1999) . Furthermore, the TRPV channels OSM-9 and OCR-2, which mediate olfaction in the AWA neurons, are necessary for odr-10 receptor gene expression . Therefore, axon maintenance and gene expression are thought to be regulated by sensory activity.
In this study, we show that the Ga-subunits involved in odorant detection also regulate str-2 receptor gene expression in the AWC and ASI neurons. The response to most odorants depends on signaling via ODR-3 and GPA-3, which is modulated by stimulatory signaling via GPA-13 and inhibitory signaling via GPA-5 and GPA-2 (Roayaie et al. 1998; Lans et al. 2004) . No clear function for GPA-6 was found in olfaction. Regulation of str-2 expression, however, involves different mechanisms, suggesting that str-2 expression is not regulated by olfactory cues. Consistently, mutations in osm-6 and dyf-8, which disrupt sensory cilia formation and sensory perception, do not affect str-2 expression. These results suggest that sensory activity is not required for str-2 expression.
The Ca 21 /MAPK pathway has dual, opposite functions in regulating str-2 expression: Previous genetic analysis suggests that in the embryo the two AWC neurons develop into functionally different cells due to the activity of the Ca 21 channel UNC-2/UNC-36 and the CaMKII UNC-43, which activate the MAPKK kinase NSY-1 and the MAPK kinase SEK-1 via the TIR protein TIR-1 Sagasti et al. 2001; Wes and Bargmann 2001; Tanaka-Hino et al. 2002; Chuang and Bargmann 2005) . As a result, str-2 is expressed in only one of the two AWC neurons. Mutations in these genes cause str-2 expression in both AWC neurons, demonstrating that they repress str-2 expression. In this study, we show that mutations in unc-36, unc-43, and nsy-1, but not in sek-1 or tir-1, in combination with mutations in gpa-2, odr-3, gpa-5, and gpa-6 cause a severe loss of str-2 expression. Thus, part of the Ca 21 /MAPK pathway also promotes str-2 expression together with G-protein signaling. We postulate that, in the embryo, UNC-36-, UNC-43-, and NSY-1-mediated signaling activates SEK-1 via TIR-1 to define AWC asymmetry, while later, once asymmetry is established, these proteins activate other downstream effectors to regulate and maintain the expression of specific genes, including str-2. Interestingly, in embryos, str-2 is expressed in 10 cells, whereas in adults only in AWC and ASI , suggesting that in additional cells mechanisms exist that regulate str-2 expression.
Signaling networks: Thus far, we have not identified other receptors regulated by the same G-protein/Ca 21 / MAPK network. However, preliminary data suggest that expression of the diacetyl receptor odr-10 is regulated by G proteins via different mechanisms (H. Lans, G. Jansen, A. Kahn, and C. Bargmann, unpublished results) . Additional receptors might be regulated by signaling networks involving different G proteins and other signaling genes. Therefore, the expression of multiple Ga-subunits in the sensory neurons of C. elegans could be a way to specifically fine tune its sensory responses. The G-protein/Ca 21 /MAPK network identified in this study might be one of the mechanisms by which this is accomplished.
